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HIGHLIGHTS 


►  New  designed  NiCo— Pt  nano¬ 

polyhedron  inlay-structures  have 
been  firstly  reported  in  this  work. 

►  NiCo-Pt  hexagonal-nanoplates 
exhibit  exceedingly  high  dehydro¬ 
genation  catalytic  activity. 

►  NiCo— Pt  magnetic  nanopolyhedrons 
can  be  separated  and  recovered  for 
recyclable  use. 

►  As-obtained  NiCo— Pt  nano¬ 
polyhedrons  have  the  potential 
application  in  energy  source. 
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New  NiCo— Pt  nanopolyhedron  inlay-structures  with  an  average  diameter  of  ~450  nm  have  been  syn¬ 
thesized  through  replacement  deposition  Co  or  Ni  by  reductive  replacement  with  a  Pt  submonolayer 
(galvanic  replacement)  on  NiCo  hexagonal  nanoplates  and  nanoicosahedrons.  The  resultant  products 
are  investigated  as  hydrolytic  dehydrogenation  catalyst  for  potential  hydrogen  energy  applications.  The 
NiCo— Pt  nanopolyhedrons  exhibit  higher  catalytic  activity  than  NiCo  nanopolyhedrons  for  the  hydrolysis 
of  borane  in  aqueous  ammonia  borane  at  ambient  atmosphere  and  room  temperature.  In  particular,  the 
NiCo-Pt  hexagonal  nanoplates  exhibit  efficient  catalytic  activity  with  a  lower  activation  energy  of 
45.72  kj  mol-1  than  that  (49.4  kj  mol-1)  for  NiCo. 
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1.  Introduction 

Hydrogen,  one  of  most  ideal  and  cleanest  energy  sources,  is 
a  great  contender  for  a  leading  energy  sources  in  the  future  for 
environmental  benigancy  and  sustainable  development  [1-4].  Thus, 
having  attracted  much  attention,  practical  application  of  hydrogen 
has  been  identified  as  a  core  subject.  Recent  reports  illustrate  that 
ammonia  borane  (AB)  has  a  hydrogen  capacity  of  19.6  wt%,  which  is 
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much  higher  than  gasoline.  Therefore,  it  is  widely  appraised  as  a 
promising  candidate  for  effective  hydrogen  storage  medium  [5-11  ]. 
To  efficiently  release  hydrogen  from  storage  medium,  including  AB, 
it  is  of  great  significance  to  develop  economical  catalysts  with  long 
cycle  life  to  release  hydrogen  under  moderate  conditions  [12]. 
Considered  as  quasi-homogeneous  systems,  nanocatalysts  can  ach¬ 
ieve  high  activity  and  selectivity,  which  are  close  to  those  of  ho¬ 
mogeneous  catalysts.  Furthermore,  owing  to  the  synergistic  effect 
between  two  metals,  various  bimetallic  core— shell  and  alloy  nano¬ 
particles  (NPs),  such  as  Pt-Ni,  Au-Co,  Ru-Ni,  and  Rh-Ni-graphene, 
exhibit  extraordinary  catalytic  activity  for  AB  dehydrogenation 
compared  to  individual  NPs  [13-18].  However,  the  stability  and  ef¬ 
ficiency  of  catalysts  are  still  obstacles,  urgent  to  be  addressed. 

On  the  other  hand,  the  area  of  efficient  active  crystal  surface 
plays  a  crucial  role  in  highly  catalysis  activity.  Since  the  exposed 
efficient  active  crystal  surface  is  related  to  the  shape  of  nano¬ 
materials,  it  is  possible  to  develop  high  active  catalysts  only  by 
shape  control  of  the  particles  [19-21].  Therefore,  exploring  an 
approach  to  increase  the  area  of  heterostructured  efficient  active 
crystal  surface  will  get  high  active  catalysts  for  the  dehydrogen¬ 
ation  of  AB.  But  it  still  remains  a  challenge  for  the  controlling 
synthesis  of  nano-catalyst  with  high  proportional  active  crystal 
surface,  especially  for  that  of  heterostructured  alloy  nanocatalyst. 
Through  the  cooperation  of  component  mediated  electron  struc¬ 
ture  and  high  efficient  catalytic  surface  atomic  arrangement,  het¬ 
erostructured  alloy  nano-catalysts  can  finely  tune  the  catalytic 
performance  [22-26].  Thus,  the  construction  of  uniform  hetero- 
nanostructured  alloy  nanopolyhedron  with  high  proportional 
active  crystal  surface  will  evidently  improve  the  catalysis 
reactivity. 

In  this  work,  we  first  report  on  the  construction  of  new  uniform 
NiCo-Pt  inlay-structured  polyhedron  nanocatalysts,  in  which  Pt 
nanoparticles  were  well  distributed  on  the  surface  of  NiCo  alloy 
nanoicosahedrons  and  hexagonal  nanoplates.  To  examine  the 
morphologies,  structures  and  properties  of  as-synthesized  samples, 
the  characterization  was  carried  out  by  X-ray  diffraction  (XRD), 
high  resolution  transmission  electron  microscopy  (HRTEM),  scan¬ 
ning  electron  microscopy  (SEM)  and  vibration  sample  magneto- 
metry  (VSM).  Compared  with  NiCo  nanopolyhedrons,  the  catalytic 
activity  of  hydrolytic  dehydrogenation  toward  AB  can  be  remark¬ 
ably  enhanced  by  the  heterostructured  NiCo-Pt  nanopolyhedrons 
inlay-structure  under  ambient  atmosphere  at  room  temperature 
(r.t.).  Especially,  NiCo-Pt  hexagonal  nanoplates,  with  high  efficient 
catalytic  activity  and  long-term  stability,  can  be  valuable  for  the 
potential  application  in  energy  source  and  chemical  industry. 


2.  Experimental 
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Scheme  1.  (A)  Formation  process  of  NiCo-Pt  nanopolyhedron  inlay-structures;  (B)  the 
schematic  view  of  hydrolytic  dehydrogenation  toward  AB. 


(C3H8O2,  99%)  were  purchased  from  Sinopharm  Chemical  Reagent 
Co.,  Ltd  (SCRC),  and  were  used  without  further  purification. 

2.2.  Preparation  of  NiCo  nanopolyhedrons 

In  a  typical  synthesis  experiment  of  NiCo  hexagonal  plates 
nanocatalysts,  2  mL  ethyl  alcohol  was  mixed  with  500  pL 
Ni(AC)2-4H20  aqueous  solution  (0.12  M),  500  pL  Co(AC)2-4H20 
aqueous  solution  (0.12  M),  1  mL  NaOH  aqueous  solution  (1.2  M)  at 
room  temperature.  The  mixture  was  dissolved  by  ultrasonic.  7  mL 
propylene  glycol  and  70  pL  HCHO  were  injected  and  the  mixture 
was  maintained  in  the  autoclave.  To  avoid  the  oxidation  of  products 
in  the  existence  of  atmospheric  oxygen,  high-purity  argon  was 
bubbled  through  the  solution,  and  then  the  autoclave  was  sealed 
and  maintained  at  200  °C  for  10  h.  The  resulting  products  were 
collected  by  centrifugation  and  washed  several  times  with  distilled 
water  and  ethanol,  then  were  dried  for  the  following  experiment. 
NiCo  icosahedrons  nanocatalysts  were  synthesized  under  the 
above  same  condition  but  without  methanol. 


2.1.  Chemicals 


2.3.  Preparation  of  NiCo—Pt  nanopolyhedrons 


Ammonia-borane  (AB,  NH3BH3,  90%)  was  purchased  from 
Aldrich,  Ni(AC)2-4H20  (99%),  Co(AC)2-4H20  (99%),  dihydrogen 
hexachloroplatinate  (H2PtCl6-6H20,  99%),  NaOH  (99%)  and  poly¬ 
vinylpyrrolidone  K-30  (PVP,  (C6H9NO)n,  Mw:  av.  40,000),  citric  acid 
(C6H807,99%),  ethyl  ethanol  (C2H5OH,  99%),  propylene  glycol 


The  synthesis  of  NiCo-Pt  hexagonal  nanoplates  and  nano¬ 
icosahedrons  were  achieved  through  galvanic  replacement  pro¬ 
cess  between  Pt  and  Ni  or  Co  on  the  surface  of  NiCo  hexagonal 
nanoplates  and  nanoicosahedrons  using  citric  acid  as  capping 
agents.  Briefly,  10  mg  of  the  as-synthesized  NiCo  hexagonal 


Table  1 

Saturation  magnetization  (Ms)  and  coercivity  (He)  of  NiCo  nanopolyhedrons  and  inlay-structured  NiCo—Pt  nanopolyhedrons. 


Sample  no. 

Initial  molar  ratio 
(Ni2+:Co2+:Pt2) 

Alloy  content 
(at.%) 

Ms 

(emu  g_1) 

He 

(Oe) 

SI  (NiCo  nanoicosahedrons) 

50:50 

NisoCoso 

128.82 

133.61 

S2  (NiCo  hexagonal  nanoplates) 

50:50 

NisoCoso 

110.29 

132.80 

S3  (NiCo—Pt  nanoicosahedrons) 

48:48:4 

Ni47Co4o— Pti3 

104.05 

131.25 

S4  (NiCo—Pt  hexagonal  nanoplates) 

48:48:4 

Ni47C039-Pti4 

89.69 

118.12 

88 


M.  Wen  et  al.  /  Journal  of  Power  Sources  232  (2013)  86-92 


Energy  (KeV) 


20(degree) 


Fig.  1.  (A)  SEM  and  (B)  TEM  images  of  NiCo-Pt  hexagonal  nanoplates  with  inset  HRTEM  above  and  SADP  below;  (C)  SEM  and  (D)  TEM  images  of  NiCo-Pt  nanoicosahedrons  with 
inset  HRTEM  above  and  SADP  below;  (E)  EDS  of  NiCo-Pt  hexagonal  nanoplates  (a)  and  nanoicosahedrons  (b);  (F)  XRD  patterns  of  NiCo-Pt  hexagonal  nanoplates  (a)  and 
nanoicosahedrons  (b). 


nanoplates  and  icosahedrons  were  dispersed  in  the  40  mL  mixed 
solvent  of  ethanol  (20  mL)  and  deionized  water  (20  mL),  then  2  mL 
H2PtCl6-6H20  aqueous  solution  (3  mM)  and  2  mL  citric  acid 
(6  mM)  were  added  in  the  above  mixture  solution  by  ultrasonic. 
After  15  min,  suspension  solution  was  collected,  centrifuged 
timely  and  washed  by  distilled  water  and  ethanol.  At  last,  dry  the 
products  for  the  following  dehydrogenation  catalysis  test.  The 
components  of  resultant  NiCo-Pt  hexagonal  nanoplates  and 
nanoicosahedrons  measured  by  atomic  absorption  spectrometer 
(AAS)  are  Ni47Co39-Pti4  and  Ni47Co4o-Pti3,  respectively. 

2.4.  Hydrolytic  dehydrogenation  catalysis  evaluation 

To  study  the  catalytic  property  of  the  as-synthesized  products, 
we  evaluated  their  catalytic  activities  for  the  hydrolytic  dehydro¬ 
genation  of  boro  hydride  aqueous.  In  a  typical  experiment,  15  mL  of 
AB  (0.13  M,  pH  >8)  and  KBH4  solution  (0.13  M,  pH  >8),  15  mL 
deionized  water  was  added  to  a  three-necked  round-bottom  flask 
(one  neck  was  connected  to  a  gas  burette  through  soft  rubber  tube, 
and  the  other  was  connected  to  temperature  control  device).  Then 
catalysts  (45.0  mg  NiCo  hexagonal  nanoplates,  45.0  mg  NiCo 
nanoicosahedrons,  45.0  mg  NiCo-Pt  hexagonal  nanoplates, 
45.0  mg  NiCo-Pt  nanoicosahedrons)  were  added  into  the  reaction 


solution  rapidly  and  every  pipe  orifice  was  kept  sealed.  The  reaction 
was  started  and  preceded  under  constant  electric  stirring  at  30  °C. 
The  volume  of  hydrogen  gas  generated  from  the  hydrolysis  reaction 
was  measured  by  the  water-displacement  method. 

2.5.  Characterization  measurements 

The  morphology  and  size  of  as-synthesized  samples  were 
determined  by  employing  Hitachi  S-4800  scanning  electron  mi¬ 
croscopy  (FE-SEM),  JEOL  JEM-1200EX  (Japan)  transmission  elec¬ 
tron  microscopy  (TEM)  and  high  resolution  transmission  electron 
microscopy  (HRTEM).  Selected  area  energy  dispersive  X-ray 
spectroscopy  (EDXS)  was  conducted  at  20  keV  on  a  TN5400  EDS 
instrument  (Oxford),  and  all  samples  were  handled  under  air  at¬ 
mosphere.  Alloy  element  analysis  of  Ni,  Co  and  Pt  was  measured  at 
A  =  232.0  nm,  240.7  nm  and  265.9  nm  respectively,  by  graphite 
furnace  AAS  (6810,  Shanghai  Chromatogram  Technology  Company, 
China).  The  powder  X-ray  diffraction  analysis  (XRD)  patterns 
were  recorded  using  Bruker  D8  (German)  diffractometer  with  a  Cu 
Ka  X-ray  radiation  source  (A  =  0.154056  nm).  X-ray  photoelectron 
spectroscopy  (XPS)  experiments  were  carried  out  on  a  RBD 
upgraded  PHI-5000C  ESCA  system  (Perkin  Elmer)  with  Al  Ka  ra¬ 
diation  ( hv  =  1486.6  eV).  The  whole  spectra  (0-1100  eV)  and  the 
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Bonding  energy(eV) 


3 
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Fig.  2.  (A)  XPS  spectra;  (B-D)  detailed  spectra  of  Ni  2 p,  Co  2p  and  Pt  4/ for  NiCo-Pt  hexagonal  nanoplates.  All  the  horizontal  axes  represent  the  binding  energy  corrected  by  that 
of  C  Is. 


narrow  spectra  of  all  the  elements  with  much  high  resolution 
were  both  recorded  by  using  RBD  147  interface  (RBD  Enterprises 
USA)  through  the  AugerScan  3.21  software.  Binding  energies  were 
calibrated  by  using  the  containment  carbon  (Cls  =  288.174  eV). 
The  data  analysis  was  carried  out  by  using  the  RBD  AugerScan  3.21 
software  provided  by  RBD  Enterprises  or  XPSPeal<4.1  provided  by 
Raymund  W.M.  Kwok  (The  Chinese  University  of  Hongkong, 
China).  Vibration  sample  magnetometry  (VSM)  was  used  to 
examine  the  magnetic  properties  on  lakeshore7312,  and  the  data 
are  summarized  in  Table  1. 

3.  Results  and  discussion 

3.1.  Construction  mechanism  of  NiCo-Pt  nanopolyhedron  inlay- 
structures 

For  improving  catalytic  activity,  herein  we  report  on  the  con¬ 
struction  of  new  designed  NiCo-Pt  nanopolyhedron  inlay-structures 
through  galvanic  replacement  process  using  NiCo  hexagonal  nano¬ 
plates  and  nanoicosahedrons  as  sacrificial  templates  (shown  in 
Scheme  1A).  The  NiCo  alloy  hexagonal  nanoplates  and  nano¬ 
icosahedrons  were  obtained  via  the  controlling  growth  process  of 
methanal  molecular.  Firstly,  Ni2+  and  Co2+  were  reduced  by  propylene 
glycol  and  alloyed.  Owing  to  the  selective  absorption  controlling  of 
methanal  molecular  on  different  NiCo  crystal  facets  [27,28],  NiCo  alloy 
hexagonal  nanoplates  were  readily  prepared  by  introducing  methanal 
with  concentration  of  0.07  ml,  while  nanoicosahedrons  were  obtained 
in  the  absence  of  methanol;  Then  NiCo  hexagonal  nanoplates  or 
nanoicosahedrons  were  added  to  PtCl62-  solution  in  the  presence  of 
citrate  acid,  PtCl62-  were  reduced  and  deposited  as  well-distribution 
Pt  NPs  inlaid  the  surface  of  NiCo  nanopolyhedrons,  because  the 
standard  reduction  potentials  (SHE)  of  the  PtCl62-/Pt  redox  couple 
(0.735  V)  are  much  higher  than  that  of  the  Co2+/Co  redox 


couple  (-0.277  V)  and  Ni2+/Ni  redox  couple  (-0.246  V);  finally,  the 
process  resulted  in  NiCo-Pt  nanopolyhedrons  inlay-structures  via  the 
control  of  reaction  time  and  concentration  of  PtCl62~.  Notably,  when 
these  NiCo-Pt  inlay-heterostructures  are  employed  as  dehydrogen¬ 
ation  catalysts,  the  activity  of  catalytic  dehydrogenation  toward  AB  is 
remarkably  enhanced  under  ambient  atmosphere  at  r.t.  compared  to 
NiCo  nanopolyhedrons,  promising  the  potential  application  in  energy 
source  and  chemical  industry. 

3.2.  Characterization  of  NiCo-Pt  inlay-structured  nanopolyhedrons 

Fig.  1  shows  inlay-structured  NiCo-Pt  nanopolyhedrons.  In 
Fig.  1 A  and  C,  the  average  diameters  of  hexagonal  nanoplates  and 
nanoicosahedrons  are  ~380  (SI,  Figure  SI)  and  ~450  nm  with 


H(Oe) 


Fig.  3.  Room-temperature  hysteresis  loops  of  (a)  NiCo  nanoicosahedrons,  (b)  NiCo 
hexagonal  nanoplates,  (c)  NiCo-Pt  nanoicosahedrons,  and  (d)  NiCo-Pt  hexagonal 
nanoplates  (inset:  the  corresponding  coercivity  variation). 
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Fig.  4.  (A)  Hydrogen  generation  from  AB  aqueous  (0.13  M,  20  mL)  catalyzed  by 
(a)  NiCo-Pt  hexagonal  nanoplates,  (b)  NiCo-Pt  nanoicosahedrons,  (c)  Pt  NPs,  (d)  NiCo 
hexagonal  nanoplates,  (e)  NiCo  nanoicosahedrons. 

inlaid-Pt-NPs  size  of  -10  nm,  respectively.  TEM  images  clearly 
illustrate  that  each  Pt  NP  consists  of  small  nucleus  ( -  3  nm)  (Fig.  IB 
and  D).  Inset  Fig.  IB  and  D,  HRTEM  image  of  Pt  NPs  has  mainly 
lattice  spacing’s  of  0.23  nm,  corresponding  to  (111)  planes  in  Pt 
face-center-cubic  (fee)  structure,  while  its  SAED  pattern  presents 
clear  crystalline  spot  ring,  indicating  that  Pt  is  isolated  and  inlays 
the  surface  of  NiCo  nanopolyhedrons.  Additionally,  EDS  performed 
on  inlay-structured  NiCo-Pt  hexagonal  nanoplates  and  nano¬ 
icosahedrons  undoubtedly  indicate  they  consist  of  Ni,  Co  and  Pt 
with  atomic  ratio  of  Ni:Co:Pt  at  -3:3:1  (Fig.  IE).  XRD  patterns  of 
NiCo-Pt  nanopolyhedrons  are  given  in  Fig.  IF.  The  diffraction  peaks 
could  be  indexed  to  those  of  either  Ni  or  Co  and  Pt  fee  structure 
(JCPDS  No.  01-1260  &  15-0806  &  01-1194). 

The  formation  of  NiCo-Pt  nanopolyhedron  inlay-structures  is 
confirmed  by  XPS.  Fig.  2A  illustrates  XPS  analysis  on  the  surface  of 
NiCo-Pt  inlay-structured  hexagonal  nanoplates.  The  photo¬ 
emission  peaks  of  Pt4/,  Cls,  Ols,  Co2p,  Ni2p  can  be  observed. 
Magnified  Ni2p  peaks  in  Fig.  2B  consist  of  two  sharp  peaks  854.4 
and  871.2  eV  due  to  the  spin-orbit  splitting  of  2 p3/2  and  2pi/2, 
agreeing  with  Ni(II)  and  Ni(0).  For  Co  2 p,  two  peaks  resulted  by  the 
2 p  electrons  multiplet-splitting  are  2p3/2  and  2pi/2  with  BE  values 
of  778  and  793.2  eV,  implying  for  Co(II)  and  Co(0)  (Fig.  2C).  In 
Fig.  2D,  detailed  spectra  of  Pt  are  composed  of  two  peaks  of  71.4  and 
74.6  eV  owing  to  the  spin-orbit  doublet  splitting  of  4/7/2  and  4/5/2, 
indicating  that  Pt(0)  is  dominant.  The  O  Is  peak  of  532.7  eV  implied 
that  oxygen  (O2-)  species  (oxides  of  nickel  and  cobalt)  existed  on 
NPs  surface.  Because  the  environment  of  Ni,  Co  and  Pt  in  resultant 


Fig.  5.  Hydrogen  generation  from  above  AB  aqueous  solution  catalyzed  by  NiCo 
hexagonal  nanoplates  from  the  1st  to  5th  run  of  the  lifetime  experiment  under 
ambient  atmosphere  at  room  temperature.  Catalyst/AB  =  0.0146  (molar  ratio). 


Reaction  time(min) 


Fig.  6.  Hydrogen  generation  from  KBH4  aqueous  solution  (15  mL,  containing 
0.45  wt%  NaOH  and  0.56  wt%  KBH4)  catalyzed  by  NiCo-Pt  hexagonal  nanoplates 
(a),  NiCo-Pt  nanoicosahedrons  (b),  NiCo  hexagonal  nanoplates  (c),  and  NiCo 
nanoicosahedrons  (d)  under  ambient  atmosphere  at  room  temperature. 
Catalyst/KBH4  =  0.0146  (molar  ratio). 

inlay-structured  NiCo-Pt  nanopolyhedrons  is  different  from  their 
pure  metals,  their  XPS  peaks  are  slightly  shift  compare  to  those  in 
Binding  Energy  Lookup  Table  [29].  The  similar  case  can  be  observed 
in  NiCo-Pt  nanoicosahedron  inlay-structures  (SI,  Figure  S2). 

3.3.  Magnetic  property 

Fig.  3  plots  the  magnetization  versus  applied  field  for  NiCo-Pt 
and  NiCo  nanopolyhedrons.  The  detail  data  are  summarized  in 
Table  1.  The  saturation  magnetization  (Ms)  of  NiCo-Pt  nano¬ 
polyhedrons  is  lower  than  that  of  NiCo  nanopolyhedrons,  in  which 
Ms  of  hexagonal  nanoplates  shaped  NiCo-Pt  and  NiCo  at 
89.69  emu  g_1  and  110.29  emu  g-1  are  lower  than  that  of  nano¬ 
icosahedrons  shaped  NiCo-Pt  and  NiCo  at  104.05  emu  g-1  and 
128.82  emu  g~\  respectively.  The  coercivity  (He)  for  NiCo-Pt  and  as- 
contrast  NiCo  nanopolyhedrons  are  inset  in  Fig.  3.  The  variation  trend 
of  He  follows  that  of  Ms,  in  which  He  of  NiCo  nanoicosahedrons  and 
hexagonal  nanoplates  at  133.61  and  132.80  Oe  are  slightly  higher 
than  those  (131.25  and  118.12  Oe)  of  NiCo-Pt  nanoicosahedrons  and 
hexagonal  nanoplates.  In  addition,  the  as-prepared  inlay-structured 
NiCo-Pt  hexagonal  nanoplates  can  be  easily  separated  and  recovered 
by  an  external  magnetic  field  (SI,  Figure  S3).  Thus,  the  magnetic 
behavior  can  be  changed  by  shape  and  inlay-heterostructures. 

4.  Hydrolytic  dehydrogenation  catalytic  activity 

The  hydrolysis  of  NH3BH3  can  be  briefly  expressed  as  follows: 

NH3BH3  (aq) + 2H2O^^Ls  NH4+  (aq)  +  B02  -  (aq) + 3H2  (g)  ( 1 ) 

Only  borane,  but  not  ammonia,  is  dehydrogenated  in  this  hy¬ 
drolysis  process.  It  is  observed  an  equilibrium  process  and  a  rapid 
change  between  boracic  compounds  such  as  B02  -,  H3BO3,  and 
other  borate  species.  Thus,  B02_  would  not  interfere  with  hydrogen 
generation  in  a  hydrolysis  reactor  of  borane  [14,30,31].  Because  H2 
liberation  efficiency  can  be  significantly  enhanced  by  suitable  cat¬ 
alysts,  the  catalytic  activity  of  resultant  inlay-structured  NiCo-Pt 
nanopolyhedrons  for  hydrolysis  dehydrogenation  toward  AB 
aqueous  has  been  investigated.  Fig.  4  shows  the  amount  of 
hydrogen  generated  as  a  function  of  reaction  time  by  different 
as-prepared  catalysts.  In  Fig.  4,  NiCo-Pt  nanopolyhedrons 
inlay-structures  exert  remarkable  catalytic  activity  of  hydrolytic 
dehydrogenation  toward  AB  aqueous  compared  to  NiCo 
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Fig.  7.  Hydrogen  generation  from  AB  aqueous  solution  (0.13  M,  20  mL)  catalyzed  by  NiCo-Pt  hexagonal  nanoplates  (A)  and  NiCo  (B)  in  reaction  temperatures  at  283,  293, 303,  313 
and  323  K  (from  the  right  to  the  left  side);  (C)  Arrhenius  plot  for  dehydrogenation  of  AB  aqueous  using  NiCo-Pt  (a)  and  NiCo  (b)  hexagonal  nanoplates  as  catalysts.  (In  the  inserted 
equation,  r  represents  the  reaction  rate  (ml  min-1  g-1),  k0  the  reaction  constant  (mol  min-1  g-1),  Ea  the  activation  energy  of  the  reaction  (kj  mol-1),  R  the  universal  gas  constant, 
and  T  (K)  the  reaction  temperature.) 


nanopolyhedrons  and  Pt  NPs,  in  which  NiCo-Pt  hexagonal  nano¬ 
plates  complete  dehydrogenation  of  AB  in  19  min  (curve  (a)),  is 
quicker  than  NiCo-Pt  nano-icosahedrons  in  28  min  (curve  (b)).  The 
hydrolytic  dehydrogenation  time  of  50  min  catalyzed  by  NiCo 
hexagonal  nanoplates  (curve  (d))  is  shorter  than  that  (71  min)  by 
NiCo  nanoicosahedrons  (curve  (e)).  So  the  hydrolytic  dehydrogen¬ 
ation  catalytic  activity  of  resultant  catalysts  depended  on  shape  and 
can  be  markedly  enhanced  by  inlaid-Pt  NPs.  This  excellent  catalytic 
activity,  possibly  due  to  the  combination  of  strain  and  ligand  effects 
at  interface  between  inlaid-Pt  and  exposed  active  crystal  plane  of 
NiCo,  may  change  the  width  of  the  surface  d-band  of  Ni  and  Co. 
Because  the  d-band  width  is  closely  related  to  the  interatomic 
matrix  element  that  describes  the  bonding  interactions  between 
d  orbital  and  its  nearest  neighbors,  several  chemical  properties,  e.g. 
the  dissociative  adsorption  energy  of  hydrogen  is  influenced  by 
varied  induced  average  energy  of  the  d-band  through  width 
modification  [30-33].  Consequently,  the  cooperation  between  high 
proportional  active  crystal  surface  of  hexagonal  nanoplates  and 
NiCo-Pt  inlay-heterostructures  results  in  the  excellent  hydrolysis 
dehydrogenation,  which  is  more  than  that  of  NiCo-Pt  nano¬ 
icosahedrons  because  of  the  higher  proportional  of  exposed  area  of 
active  crystal  plane  at  28.21  x  106  m2  for  hexagonal  nanoplates, 
compare  to  6.81  x  106  m2  for  nanoicosahedrons  in  the  unit  volume 
(per  m3)  (Scheme  IB). 

The  lifetime  and  stability  is  important  factors  for  catalyst 
application,  the  catalytic  activity  of  inlay-structured  NiCo-Pt  hex¬ 
agonal  nanoplates  has  been  tested  for  five  times  for  hydrolytic 
dehydrogenation  toward  AB  aqueous  under  ambient  atmosphere  at 
room  temperature.  Fig.  5  shows  the  hydrogen  generation  from 
above  AB  aqueous  solution  catalyzed  by  inlay-structured  NiCo-Pt 
hexagonal  nanoplates  from  the  1st  to  5th  run  of  the  lifetime 
experiment  under  ambient  atmosphere  at  room  temperature.  Only 
the  small  decrease  (17%)  of  catalytic  activity  for  the  NiCo-Pt  hex¬ 
agonal  nanoplates  can  be  observed  over  five  times  tests.  The  reac¬ 
tion  time  increased  from  19  min  to  23  min  from  the  first  to  the  fifth. 

Additionally,  it  also  exhibits  excellent  catalytic  activity  for  the 
hydrogen  generation  in  KBH4  aqueous.  When  catalysts  are  added, 
the  release  of  hydrogen  is  rapid  via  the  following  reaction: 

I<+  +  BH4-  +  2H20— U<+  +  B02“  +  4H2  f  (2) 

Fig.  6  presents  the  amount  of  hydrogen  generated  as  a  function 
of  reaction  time  by  employing  different  as-obtained  catalysts. 
Compared  to  NiCo  nanopolyhedrons,  NiCo-Pt  inlay- 
heterostructured  nanopolyhedrons  exhibit  markedly  high  catalytic 
activity.  In  particular,  NiCo-Pt  hexagonal  nanoplates  can  complete 
dehydrogenation  reaction  of  KBH4  aqueous  within  40  min  (curve 
(a)),  which  is  much  higher  than  that  of  NiCo— Pt  nanoicosahedrons 
(curve  (b),  120  min)  and  NiCo  nanopolyhedrons  (curve  (c),  170  min 


for  NiCo  hexagonal  nanoplates;  curve  (d),  200  min  for  NiCo  nano¬ 
icosahedrons).  Hence,  this  magnetic  high  performance  catalyst  can 
be  easily  recovered  by  an  external  magnet  based  on  its  long  lifetime 
and  stability.  Therefore,  the  as-designed  NiCo-Pt  hexagonal  nano¬ 
plates  have  the  good  lifetime  and  stability  for  the  hydrolytic  hydro¬ 
gen  generation  of  AB  under  ambient  atmosphere  at  r.t. 

In  dehydrogenation  process,  temperature  is  very  important  and 
was  investigated  for  the  catalytic  dehydrogenation  rates  of  NiCo-Pt 
and  NiCo  hexagonal  nanoplates  toward  AB  aqueous  (0.13  M)  with 
the  molar  ratio  of  catalyst/AB  of  0.0146.  When  temperature  in¬ 
creases  from  283  to  323  K,  the  generation  rate  of  H2  rises  sub¬ 
stantially  from  15  to  128  mL  min-1  g-1  for  NiCo-Pt  (Fig.  7A)  and 
from  4  to  64  mL  min-1  g-1  for  NiCo  (Fig.  7B).  Since  the  amount  of  H2 
generated  is  linearly  dependent  on  reaction  time  at  each  temper¬ 
ature,  it  demonstrates  that  such  a  dehydrogenation  reaction  is  zero 
order  [34].  Using  NiCo-Pt  hexagonal  nanoplates  as  catalyst,  the 
activation  energy  of  the  dehydrogenation  of  AB  aqueous  can  be 
calculated  by  the  Arrhenius  equation  in  a  zero-order  reaction. 
Fig.  7C  plots  the  Arrhenius  plot  of  ln(r)  versus  1/T.  The  activation 
energy  is  estimated  to  be  45.72  kj  mol-1  for  NiCo-Pt  (line  (a)), 
which  is  lower  than  that  (49.4  kj  mol-1)  for  NiCo  (line  (b)),  and  is 
lower  than  that  of  many  unitary  and  bimetallic  catalysts  [14,15,33— 
36]. 

5.  Conclusion 

In  conclusion,  new  designed  nanocatalysts  of  NiCo-Pt  nano¬ 
polyhedron  inlay-structures  have  been  synthesized  through  gal¬ 
vanic  replacement  deposition  of  inlaid-Pt  on  the  surface  of  NiCo 
hexagonal  nanoplates  and  icosahedrons.  The  cooperation  between 
high  proportional  active  crystal  surface  areas  of  hexagonal  nano¬ 
plates  and  NiCo-Pt  inlay-heterostructures  results  in  the  excellent 
dehydrogenation  catalytic  activity  with  low  activation  energy  to¬ 
ward  AB  aqueous  under  ambient  atmosphere  at  room  temperature, 
suggesting  the  potential  application  in  energy  source  and  chemical 
industry  as  new  catalysts. 
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